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The DO Collaboration preserts rst evidence for the production of single top quarks at the
Fermilab Tevatron pp collider. Using a0.9fbi ! dataset, we apply a multiv ariate analysis to separate

signal from background and measure ¥{pp !

tb+ X; tgb+ X) = 4:98 1:4 pb. The probabilit y to

measure a cross section at this value or higher in the absenceof signal is 0:035%, corresponding to
a 3.4 standard deviation signi cance. We use the cross section measuremeri to directly determine

the CKM matrix elemert that describesthe Wtb coupling and 'nd 0:68 < jVyj -

within the standard model.

PACS numbers: 14.65.Ha; 12.15.Ji; 13.85.Qk

Top quarks were rst obsened in strong tt pair
production at the Tevatron collider in 1995[1]. In the
sta&gdard model (SM), ¥pp! tt+ X) = 6:8°42 pb [2]
at  s= 1:96 TeV for atop quark massof 175GeV. Top
guarks are also expected to be produced singly via the
electroveakprocesse$3] illustrated in Fig. 1. For brevity,
we usethe notation \ tb" to represer the sum of thand tb,
and \tgb' for the sum of tgband tgb. The next-to-leading
order prediction for the s-channel single top quark cross
sectionis ¥pp! tb+ X) = 0:888 0:11 pb, and for the

t-channel process,the prediction is ¥{pp! tgb+ X) =
1:988 0:25 pb [4].
q ¢ q q
w* W
b
@) (b) 5 t
aq b g 5

FIG. 1. Represenativ e Feynman diagrams for (a) s-channel
single top quark production and (b) t-channel production.

Singletop quark events can be usedto study the Wtb
coupling [5], and to measurethe magnitude of the CKM
matrix [6] elemen jVyj without assuming only three
generationsof quarks [7]. A value inconsistert with the
SM expectation jVij ' 1 [8] would be a signature for
new physics such as a fourth quark family. Single top
quark production can also be usedto measurethe top
quark partial decay width j(t! Wbh) [9] and hencethe
top quark lifetime.

The DO collaboration has previously published
limits [10] on single top quark production. The best
95% C.L. upper limits are ¥pp! tbh+ X) < 6:4 pb and
Ypp! tgb+ X) < 5.0 pb. The CDF collaboration has
also published limits on the crosssections[11].

This Letter describes a searh for single top quark
production using0.9fbi ! of data producedat a certer-of-
massenergy of 1.96 TeV. The data were collected from
2002 to 2005 using the DO detector [12] with triggers
that required a jet and an electron or muon. The seard
focuseson the "nal state consistingof onehigh transverse
momertum (pr) isolated lepton and missing transverse
energy (Bt), together with a b-quark jet from the decay
of the top quark (t! Wh! “°b). There is an additional
b quark in s-channel production, and an additional light
quark and b quark in t-channel production. The second
b quark in the t-channel is rarely reconstructed since
it is produced in the forward direction with low trans-

1 at 95% C.L.

versemomertum. The main badkgroundsare: W bosons
produced in assaiation with jets; top quark pairs in
the lepton+jets and dilepton "nal states, when a jet or
a lepton is not reconstructed; and multijet production,
wherea jet is misreconstructedasan electron, or a heavy-
cavor quark decays to a muon that is misidentied as
isolated from the jet.

We model the signal using the singletop  next-to-
leading order Monte Carlo (MC) ewent generator [13)].
The event kinematics for both s-channel and t-channel
reproduce distributions found in next-to-leading order
calculations [4]. The decas of the top quark and
resulting W boson, with "nite widths, are modeled in
the singletop generatorto presene particle spin infor-
mation. Pythia [14] is usedto model the hadronization
of the generated partons. For the tb (tqb) seard, we
assumeSM tgb (tb) as part of the badckground, and for
the tb+ tgb seard, we assumethe SM ratio betweenthe
tb and tgb crosssections.

We simulate the tt and W+jets badkgrounds using
the alpgen leading-order MC event generator [15] and
pythia to model the hadronization. A parton-jet
matching algorithm [16] is used to ensure there is no
double-courting of the al states. The tt badkground
is normalized to the integrated luminosity times the
predicted tt crosssection [2]. The multijet background
is modeled using data that contain nonisolated leptons
but which otherwise resenble the lepton+jets dataset.
The W+jets badkground, combined with the multijet
badkground, is normalized to the lepton+jets dataset
separately for ead analysis channel (de ned by lepton
°avor and jet multiplicit y) beforeb-jet tagging (described
later). In the W+jets badkground simulation, we scale
the Wb and W ct componerts by a factor of 1:508 0:45
to better represen higher-order e®ects[17]. This factor
is determined by tting an admixture of light- and heavy-
°avor W +jets MC ewents to data that have no btags but
which otherwise passall selectioncuts. The uncertainty
assignedto this factor covers the expected dependence
on event kinematics and the assumption that the scale
factor is the samefor W bb and W ck.

We pass the MC events through a geant -based
simulation [18] of the DO detector. To correct di®erences
between the simulation and data, we apply weights to
the simulated events to model the e®ectsof the triggers,
lepton identi cation and isolation requiremerts, and the



energy scale of the jets. The btagging algorithm is
modeled by applying weights that accourt for the proba-
bilit y for ead jet to be tagged as a function of jet °avor,
pr, and pseudorapidity ~ .

We chooseewents with two, three, or four jets, recon-
5tructed using a cone algorithm [19] with radius R =

(¢y)2+ (¢ A2 = 05 (where y is rapidity and A
is azimuthal angle) to cluster energy deposits in the
calorimeter. The leading jet haspr > 25GeV and ' j <
2:5, the secondeadingjet haspr > 20GeV andj j < 3:4,
and subsequen jets have pr > 15GeV and |'j < 3:4.
Events are required to have 15 < Bt < 200 GeV and
exactly oneisolated electron (muon) with pr > 15 GeV
(18 GeV) within j j < 1:1 (2.0). Misreconstructed everts
are rejected by requiring that the direction of the Bt is
not aligned or anti-aligned in azimuth with the lepton or
a jet. To enhancethe signal content of the selection,one
or two of the jets are required to be identi ed as origi-
nating from long-lived b hadrons by a neural network
bjet tagging algorithm. The variables used to identify
such jets rely on the presenceand characteristics of a
secondary vertex and tracks with high impact param-
eters inside the jet. For a 0:5% light-jet (mis)tag rate,
we obtain a 50% averagetag rate in data for b jets with
ij< 24.

We select 1,398 btagged lepton+jets data everts,
which we expect to cortain 62 8§ 13 single top quark
everts. To increasethe seart sensitivity, we divide these
everts into twelve independert analysis channels based
on the lepton °avor (e or 1), jet multiplicit y (2, 3, or
4), and number of identi ed b jets (1 or 2). We do this
becausethe signal acceptanceand signal-to-badkground
ratio di®er signi cantly from channel to channel. Evert
yields are given in Table I, shavn separatedonly by jet
multiplicit y for simplicity. The acceptancedor singletop
quark signal as percertagesof the total production cross
sectionsare (3:28 0:4)% for tb and (2:1 8§ 0:3)% for tgh.

TABLE I: Numbers of expected and observed events in
0.9fbi ! for eand *, 1 btag and 2 b tag channels combined.
The total background uncertainties are smaller than the
componernt uncertainties added in quadrature because of
anticorrelation betweenthe W +jets and multijet backgrounds
resulting from the background normalization procedure.

Source 2 jets 3 jets 4 jets
tb 168 3 882 281
tgb 2084 1283 481
th 3989 3287 1183
ttl " +jets 2085 1038 25 1438 33
W bb 2618 55 1208 24 358 7
Wk 1518 31 858 17 2385
Wijj 1198 25 4389 128 2
Multijets 958 19 778 15 2986
Total background 6868 41 4608 39 2538 38
Data 697 455 246

5

The dominant cortributions to the uncertainties on
the badkgrounds come from: normalization of the tt
badkground (18% of the tt componert), which includes
a term to account for the top quark massuncertainty;
normalization of the W +jets and multijet badkgrounds
to data (17{27%), which includesthe uncertainty on the
heavy-°avor fraction of the model; and the b-tagging
probabilities (12{17% for double-tagged events). The
uncertainty on the integrated luminosity is 6%; all other
sourcescortribute at the few percent level. The uncer-
tainties from the jet energy scale corrections and the b
tagging probabilities a®ectboth the shape and normal-
ization of the simulated distributions. Having selected
the data samples,we ched that the badkground model
reproduces the data in a multitude of variables (e.g.,
transversemomerta, pseudorapidities,azimuthal angles,
masses)for ead analysis channel and nd agreemem
within uncertainties.

Since we expect single top quark everts to constitute
only a small fraction of the selected event samples,
and since the badkground uncertainty is larger than
the expected signal, a counting experiment will not
have sutcient sensitivity to verify their presence. We
proceed instead to calculate multiv ariate discriminants
that separate the signal from badkground and thus
enhance the probability to obsene single top quarks.
We usedecisiontrees [20] to create these discriminants.
A decision tree is a machine-learning technique that
applies cuts iterativ ely to classify events. The discrimi-
nation power is further improved by averaging over many
decision trees constructed using the adaptive boosting
algorithm AdaBoost [21]. We refer to this averageas a
boosted decisiontree.

We identify 49 variablesfrom an analysis of the signal
and badkground Feynman diagrams [22] and studies of
singletop quark production at next-to-leading order [23].
The variables may be classi ed into three categories:
individual object kinematics, global event kinematics,
and variables basedon angular correlations. Those with
the most discrimination power include the invariant mass
of all the jets in the evert, the invariant massof the recon-
structed W boson and the highestpr b-tagged jet, the
angle betweenthe highestpr b-taggedjet and the lepton
in the rest frame of the reconstructedtop quark, and the
lepton charge times the pseudorapidity of the untagged
jet. We 'nd that reducingthe number of variablesalways
reducesthe sensitivity of the analysis.

We use a boosted decisiontree in ead of the twelve
analysis channelsfor three seartes: tb+tqb, tgb, and tb.
These 36 decisiontrees are trained to separateone of the
signalsfrom the sum of the tt and W +jets badgrounds.
One-third of the MC signal and badground ewerts is
used for training; the remaining two-thirds are used
to determine the acceptancesin an unbiased manner.
A boosted decision tree produces a quasi-cortin uous
output distribution Opt ranging from zeroto one, with



badkground peaking closer to zero and signal peaking
closerto one. Figures 2(a) and 2(b) showv the decision
tree output distributions for two badground-dominated
data samplesto demonstrate the agreemem between
badkground model and data. Figure 2(c) shows the
high end of the sum of the 12 tb+tgb decision tree
outputs to illustrate where the signal is expected, and
Fig. 2(d) shows the invariant massof the reconstructed
W boson with the highestpr btagged jet (where the
neutrino longitudinal momertum has been chosento be
the smaller absolute value of the two possible solutions
to the mass equation), for everts in a signal-enhanced
regionwith Opt > 0:65. The badkground peaksnear the
top quark massbecausethe decision trees select events
with similar characteristics to singletop quark everts.
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FIG. 2. Boosted decision tree output distributions for (a) a
W +jets-dominated control sample, (b) att-dominated control
sample, and (c) the high-discriminant region of the sum of
all 12 o+ tgb decision trees. For (a) and (b), Hr = E; +
Er + EX . Plot (d) shows the invariant mass of the
reconstructed W bosonand highest-pr b-tagged jet for events
with Opr > 0:65. The hashed bands show the § 1 standard
deviation uncertainty on the background. The expected signal
is shown using the measured cross section.

We apply a Bayesian approach [24] to measurethe
single top quark production cross section. We form a
binned likelihood asa product over all bins and channels
(lepton °avor, jet multiplicit y, and tag multiplicit y) of
the decisiontree discriminant, separatelyfor the tb+tqgb,
tgb, and tb analyses. We assumea Poissondistribution
for the obsened cournts and °at nonnegative prior proba-
bilities for the signal cross sections. Systematic uncer-
tainties and their correlations are taken into accoun
by integrating over the signal acceptances,background
yields, and integrated luminosity with Gaussianpriors for
ead systematic uncertainty. The nal posterior proba-
bilit y density is computed asa function of the production
cross section. For ead analysis, we measurethe cross
section using the position of the posterior density peak
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and we take the 68% asymmetric interval about the peak
asthe uncertainty on the measuremeh

We test the validity of the crosssection measuremen
procedureusing six ensenblesof pseudo-datasetselected
from the full set of th+ tgb signal and badckground everts
weighted to represen their expected proportions. A
Poisson distribution with a mean equal to the total
number of selected events is randomly sampled to
determine the number of events in ead pseudo-dataset.
Each ensenble has a di®erert assumed tb+tqb cross
section between 2 pb and 8 pb. No signi cant bias is
seenin the mean of the measuredcrosssectionsfor these
ensenbles.

The expected SM and measuredposterior probability
densities for tb+tgb are showvn in Fig. 3. We use the
measured posterior density distribution for tb+tgb as
showvn in Fig. 3 and similar distributions for tgb and
tb to make the following measuremets: ¥{pp! th+
X; tgbt+ X) = 4:98 L4 pb, %pp ! tqb+ X) = 4:2% pb,
and ¥pp! tb+ X) = 1:08 0:9 pb. Theseresults are
consistert with the SM expectations. The uncertainties
include statistical and systematic componerts combined.
The data statistics corntribute 1.2 pb to the total 1.4 pb
uncertainty on the tb+ tqb crosssection.
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FIG. 3: Expected SM and measured Bayesian posterior
probabilit y densities for the tb+ tgb crosssection. The shaded
regions indicate 1 standard deviation above and below the
peak positions.

We assesshow strongly this analysis rules out (or is
expected to rule out) the badkground-only hypothesis
by measuring the probability for the badkground to
°uctuate up to give the measured (or SM) value of
the tb+tgb cross section or greater. From an ensenble
of over 68,000 badkground-only pseudo-datasets,with
all systematic uncertainties included, we nd that the
badkground °uctuates up to give the SM cross section
of 2.9 pb or greater 1:9% of the time, corresponding to
an expected signi cance of 2.1 standard deviations (SD)
for a Gaussian distribution. The probability that the
badkground °uctuates up to produce the measuredcross
section of 4.9 pb or greater is 0:035%, corresponding to
a signi cance for our result of 3.4 SD. Using a second
ensenble of pseudo-datasetswvhich includesa SM tb+ tgb
signalwith 2.9 pb crosssection,with all systematicuncer-
tainties included, we "nd the probability to measurea
crosssection of at least 4.9 pb to be 11%.

We apply two alternative methodsto calculate discrim-



inants that separatetb+ tgb signal from badkground. The
“rst technique calculates the probability for ead event
to be signal or badkground based on the leading-order
matrix elemer description of ead processfor two-jet and
three-jet events [25]. It takesasinput the four-momena
of the reconstructed objects and incorporates the b-
tagging information for each ewvent. This is a powerful
method to extract the small signal becauseit encades
the kinematic information of the signal and badkground
processesat the parton level. The probability that the
badkground °uctuates up to give the SM crosssection or
greater in the matrix elemen analysisis 3:7% (1.8 SD).
We measure¥{pp ! tb+ X; tqb+ X) = 4:6" 2 pb. The
probability for the badkground to °uctuate up to give a
crosssection of at least 4.6 pb is 0:21% (2.9 SD).

The secondalternative method usesBayesian neural
networks [26] to separatetb+ tqb signal from badground.
Wetrain the networks on signaland badkground everts in
their measuredproportions separately for ead analysis
channel, using 24 input variables (a subsetof the 49 used
in the boosted decision tree analysis). Large numbers
of networks are averaged, resulting in better separation
than can be achieved with a single network. The proba-
bility that the background °uctuates up to give the SM
crosssection or greater in the Bayesian neural network
analysis is 9:7% (1.3 SD). We measure ¥{pp! tb +
X; tgb+ X) = 5:08 1.9 pb. The probability for the
badkground to °uctuate up to give a crosssection of at
least 5.0 pb is 0:89% (2.4 SD).

The three analysesare correlated since they use the
same signal and badground models and data, with
almost the same systematic uncertainties. We take the
decision tree measuremeh as our main result because
this method has the lowest a priori probability for the
badkground to have °uctuated up to give the SM cross
section or greater. That is, we expect the decision tree
analysisto rule out the background-only hypothesiswith
greatest signi cance.

We use the decision tree measuremen of the tb+tgb
crosssectionto derive a rst direct measuremen of the
strength of the Vi A coupling jVipf L] in the Wtb vertex,
where f} is an arbitrary left-handed form factor [27].
We measure jVipfHj = 1:38 0:2. This measuremen
assumesjVygj? + jVisj? ¢ jVij? and a pure Vi A and
CP-conserving Wtb interaction. Assuming in addition
that f1 = 1 and using a °at prior for jVyj? from O to 1,
we obtain 0:68 < jVyj - 1 at 95% C.L. These measure-
ments make no assumptionsabout the number of quark
families or CKM matrix unitarit y.

To summarize, we have performed a seard for single
top quark production using 0.9 fbi * of data collected
by the DO experiment at the Tevatron collider. We 'nd
an excessof everts over the badkground prediction in
the high discriminant output region and interpret it as
evidencefor singletop quark production. The excesshas
a signi cance of 3.4 standard deviations. We use the

boosted decision tree discriminant output distributions
to make the ‘rst measuremen of the single top quark
crosssection: ¥{pp! tbh+ X; tgb+ X) = 498§ 1:4 pb.
We use this cross section measuremeh to make the
“rst direct measuremen of the CKM matrix elemer
iVibj without assumingCKM matrix unitarit y, and nd
0:68< jVypj - lat 95%C.L.
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